High temperature chemical vapor deposition (HTCVD) simulations of silicon carbide (SiC) were demonstrated with experimental results. A vertical cylindrical reactor was used in an RF inductive heating furnace and the temperature was more than 2200. SiH 4 and C 3 H 8 were used as source gases and H 2 as carrier gas. A gas phase reaction model from the literature was used on the condition that the gas phase reaction is a quasi-equilibrium state. It was found that the major species were Si, Si 2 C, SiC 2 and C 2 H 2 in the gas phase reaction model as well as in the thermodynamic equilibrium calculation. Sublimation etching was considered in the surface reaction rates by modifying partial pressures of species with equilibrium vapor pressures. CFD-ACE+ and MALT2 software packages were used in the present calculation. The sticking coefficients were determined by fitting the calculated growth rates to the experimental ones. The simulated growth rate in a different reactor is in good agreement with the experimental value, using the same sticking coefficients. The present simulation could be useful to design a new reactor and to find optimum conditions.
Introduction
Silicon carbide (SiC) is a promising material for ultra low loss power devices utilized in a highly efficient electric power converter. High quality, large diameter and low cost SiC substrates are required for practical use. The growth technology of single crystal bulk SiC by the modified Lely method has been improved for the last decade and 3 inch wafers with low micropipe density are commercially available. But the performance is still not enough for the industrial mass production. Other growth techniques such as high temperature chemical vapor deposition (HTCVD) [1] and modified physical vapor transport (M-PVT) [2] have also been developed for SiC bulk growth. HTCVD is expected to solve the above problems because it has advantages of gas source such as high purity source material, stability of species ratio, flexible controllability and continuous feed of source gas. On the other hand, it is difficult to find an optimum condition by an experiment because there are a lot of parameters to be determined in a growth process. Numerical simulation [3, 4, 5] could be a powerful tool to design a reactor and to determine growth conditions. However, HTCVD simulation is not established because it is not clear that reaction rates in the literature can be used in a high temperature and large amount of source gas environment compared with normal CVD. In this study, we present HTCVD simulation at more than 2200 together with experimental data in order to predict the growth rates under various conditions.
Experimental
A vertical cylindrical reactor has been used in an RF inductive heating furnace. Silane (SiH 4 ) and propane (C 3 H 8 ) were used as source gases and hydrogen (H 2 ) as the carrier gas. The C/Si ratio was around 1.0 and the process pressure was 53kPa. The temperature of the growth surface was 2200-2400 and that of the reactor was 2300-2500. The graphite wall of the reactor was covered by tantalum carbide (TaC) in order to prevent the graphite wall from reacting with H 2 and SiH 4 . This TaC wall is useful for not only extending the life a reactor but also simplifying the reaction model in the simulation because the contribution of graphite to the source gas could be eliminated.
Carbon thermal insulator was set in around the reactor for reduction of thermal loss. As the atmospheric gas can escape outside through the insulator, the effective thermal conductivity of the insulator (ETCI) depends on the flow rate and the kind of gas. The ETCI also changes due to the deposition of SiC polycrystal on/in the insulator during the growth run. We measured the temperatures of the reactor in various ETCI so as to fit the simulated temperature to the experimental values. It is very important to know the accurate temperature of the crystal surface in order to predict the growth rate because partial pressures of the species on the surface are sensitive to the temperature.
Crystals were grown under various conditions. Especially the dependence of the temperature and the partial pressure of the source gases on the growth rate was examined precisely in order to determine the fitting parameters in the simulation.
Simulation Method
A numerical simulation was carried out in three steps as follows. First, the temperature distribution of the reactor was calculated by analyzing the electromagnetic field, heat transfer and fluid dynamics. Secondly, partial pressures of the species were evaluated by the gas phase reaction. Finally, the growth rate was estimated by determining the sticking coefficients in the surface reaction by fitting them to experimental results. Commercially available software CFD-ACE+ (http://www.esi-group.com/ SimulationSoftware/CFD_ACE/ ) was used under a two dimensional model. Temperature Calculation. The thermal conductivity of graphite as well as the ETCI was determined by fitting the simulation temperature to the experimental value. An accurate temperature distribution was obtained for the basis of gas phase and surface reaction calculations as explained below. Gas Phase Reaction Model. We assumed that our growth space is a quasi-equilibrium state because the species formed by the reaction of the source gases reach up to the growth space through the reactor whose temperature is more than 2300. The effect of cluster formation was excluded because the cluster is more likely to be vaporized. Basically, we should use the equilibrium reaction model rather than the gas phase reaction model (finite-rate model). But the surface reaction cannot be solved in the equilibrium reaction model by CFD-ACE+ and thus we tried to use the gas phase reaction model. If the partial pressures of the main species calculated by the gas phase reaction model are approximately equal to those obtained by the equilibrium reaction model [3] , we considered that the gas phase reactions could be used in the present simulation. The gas phase reaction model from Danielsson et al. [4] was used to calculate the partial pressures. Fig. 1 shows the partial pressures of Si, Si 2 C, SiC 2 and C 2 H 2 species calculated in each model. These were the main species and other species were less than 0.2%. It was found that the partial pressures were almost the same between the gas phase and the equilibrium reaction model when the equilibrium constants were used for the reverse reaction rate constants in Ref. [4] . On the other hand, the partial pressures directly calculated by Ref. [4] were different from others. It is an important point that Si 2 C and SiC 2 species and their reactions are dealt with in Ref. [4] because these are the main species in sublimation of SiC. The equilibrium constants were calculated using NIST-JANAF thermochemical tables. Surface Reaction Model. Sublimation etching on the surface of SiC was considered in the equation (1) of the surface reaction rates,
where J is the surface reaction rate of the species with molar mass M, γ is the sticking coefficient, R is the molar gas constant, T is the temperature in Kelvin, D is the correction parameter of the inlet gas loss, P x is the partial pressure of the species and P e is the equilibrium vapor pressure between solid SiC and the gas phase. The surface reactions used in this study are shown in Table 1 . These reactions consist of the major species in the gas phase reaction and the equilibrium vapor pressure. The Eq.(1) was set in CFD-ACE+ using user's subroutine programs. P e was calculated using the software package MALT2 ( http://www.kagaku.com/malt/ ). In the reactions, (a), (b), (c) in Table 1 , the species deposit on the surface if P x > P e and the species sublime from the surface if P x < P e . The species of Si 2 C and SiC 2 were assumed to react into the bulk species of the same formula such as Si 2 C(B) and SiC 2 (B). The deposition of C 2 H 2 species and hydrogen etching were also taken into account using the reactions in (d), (e). In these cases, P e was eliminated in Eq.(1). The sticking coefficient (γ) was expressed in the Arrhenius form in hydrogen etching. The other γs are assumed to be constant. Growth rates were calculated by eliminating the extra C or Si atom which deviates from stoichiometric SiC. Finally, the γs were determined by fitting the calculated growth rates to the experimental values. The surface reactions on TaC regions were also calculated as if the surface were SiC in the initial growth. But the surface reactions of the etching regions were excluded in the next calculation for evaluation of the growth evolution. Figure 2 shows the experimental and simulated growth rates as a function of the temperature of the growth surface. The temperature of the reactor was 150 higher than that of the growth surface. The growth rate decreased as the surface temperature increased. This might be due to the effect of sublimation rather than the gas phase reaction because the growth rate did not depend on the temperature of the reactor in the present experimental range. Figure 3 shows the experimental and simulated growth rates as a function of the partial pressure of the source gases (SiH 4 +C 3 H 8 ) at the inlet. The growth rate increased as the partial pressure of the source gas increased. This means the growth rate is limited by the supply of the source gas. The simulated growth rates in these figures are in good agreement with the experimental ones using one set of the sticking coefficients (γs). The optimized γs of each species were in the range of 2x10 -4 -5x10 -3 . It was also found that the growth rate simulated in another reactor of different design and size was almost the same as that of experiment even though the same set of γs were used. Although γ is the fitting parameter with experiments, the value of γ could mean the overall sticking probability in the surface reaction. Detailed analysis such as a multi-step surface reaction using surface species [5] is necessary in order to calculate a more accurate growth rate. The present simulation is practical to design a new HTCVD reactor and to find the optimum conditions.
Results and Discussion

Summary
We demonstrated the HTCVD simulation modified by sublimation etching as well as the experimental results. The simulated growth rates are in good agreement with the experimental ones using one set of the sticking coefficients (γ) determined by experiments. The growth rate could be predicted at more than 2200 by the present simulation and it is practical to design a new HTCVD reactor and to find the optimum conditions. 
